Abstract Wastewater contaminated by PCBs obtained from three different sources was treated at both laboratory and pilot plant scale conditions by ultraviolet oxidation of organics at the presence of hydrogen peroxide after partial adsorption of impurities and PCBs on activated carbon and/or activated bentonite. The procedure was conducted both with and without a Fe(II) catalyst and considerable reduction of PCB concentration was achieved in both cases. In pilot plant scale experiments, activated carbon polishing step followed UV oxidation. The following three types of contaminated waste water were examined: a) aqueous extracts originated in the course of clean-up of contaminated soil by extraction with aqueous solvents. Concentrations of PCBs in extracts were between 1 µg/L to 3,000 µg/L; b) wastewater condensates originated in the process of thermal desorption of PCB from soils. Concentrations of PCBs in condensates were between 300 µg/L and 5,000 µg/L. c) underground water contaminated by PCBs extracted from the sites of old contamination. The content of PCBs was up to 50,000 ng/L. Biodegradation of PCBs with a mixture of indigenous soil bacteria (selected strains of Pseudomonas and Acitenotobacter) was also tested. It was carried out in a reactor with volume of 1.5 m 3 by application of the bacteria in a slurry of bentonite with adsorbed PCBs.
Introduction
Polychlorinated biphenyls (PCBs) are mixtures of chlorinated derivatives of biphenyl with different structures depending on the number and position of chlorine atoms on biphenyl skeleton. PCBs were used in the electronics industry and as components of lacquers, adhesives and plastic materials. For their excellent stability and thermal properties they were used as a heat transfer medium and dielectric liquids in electrical transformers and capacitors. PCBs were produced in relatively large volumes in the former Czechoslovakia. Unfortunately, chemically stable lipophilic PCBs are easily transported through animal food chain and have been suspected to have damaging influence on human health. Therefore, after their negative biological effects had been widely searched and publicized, manufacture of PCBs ceased here at the beginning of the 1980s. However, because of their persistency, a large proportion of all the PCBs ever produced is still present in the environment. PCBs have still been found in soils and water near the places of their utilization, storage and disposal. Actually, the raw estimates indicate approximately more then 100,000 tons of contaminated soils emerging in the Czech Republic. The concentration of PCBs sometimes reaches thousands of nanograms of PCBs per litre of underground water, which is often simultaneously contaminated by petroleum products and/or volatile chlorinated organic compounds. Until now, no technology for the decontamination of the wastes mentioned above has been available here. At present, one incineration unit has started the operation. However, alternative decontamination technologies are considered desirable here, mainly those focused on the decontamination of selected types of wastes like soils and/or adsorbents, transformer oils and solid parts of electrical capacitors, where the possibility of recycling is promising. (Low temperature thermal desorption, extraction, chemical dehalogenation or bioremediation.) These alternative techniques for lowering PCBs concentration seem viable, environmentally friendly and cost-competitive. Unfortunately, the same alternative technologies mostly produce contaminated wastewater streams again and proper and economically feasible technologies for contaminated water clean-up are strongly requested.
The principal PCBs contaminant in the Czech Republic is a commercial product Delor 103 (over 90% of PCB contamination has its origin in this mixture). Delor 103 is a mixture of PCB congeners with prevailing content of tri-and tetra-chlorinated congeners (Cl-1: 0,3%; Cl-2: 10,5%; Cl-3: 63,0%, Cl-4: 24,1%, Cl-5: 1.1%, >Cl-5: 1%).
Many techniques of separation and destruction of PCBs have already been described. PCBs were entrapped by sorption on Amberlite or activated carbon (Sullivan, 1981) , polyurethane foam (Gesser et al., 1971) , silica gel, glass fibers (Arthur et al., 1992) and porous polymers (Haque et al., 1974; Leoni et al., 1980; Furukawa et al., 1982) and washed out from the sorbents using solvents like hexane, methylenchloride or methanol (Leoni et al., 1980) . At a laboratory scale, the sorption of PCBs is easy. However, difficulties appear when changing scales to the pilot plant or when trying to remediate in a field conditions. The most troublesome step in the remediation process is the degradation of PCBs. Thermal destruction and/or majority of chemical dechlorination methods cannot be used for degradation in water. Other methods for destruction of PCBs, which have been proposed and which could be potentially used for contaminated water treatment, include wet air oxidation, super/or supra critical oxidation, electrolytic reduction, zero-valent-iron-promoted dechlorination, catalytic dehalogenation with noble metals, photolysis in the presence of hydrogen donors and oxidants, and several other proposed methods, obviously based on laboratory experiments only. Some of above mentioned methods seem very promising for treatment of water contaminated with toxic and hazardous components (super critical oxidation, probably wet-air oxidation), but they are still in progress and costly. It is well known that compounds of Fe(II) in the presence of hydrogen peroxide can effectively oxidize several organic substances (well known Fenton reaction). A possible way to increase the destruction efficiency of Fenton reaction seems to be the simultaneous application of UV radiation. However, this procedure does not have to be effective in water with a high content of sediments, and/or dissolved salts and in highly coloured and opaque wastewaters.
Traditionally, PCBs have been considered resistant to biodegradation. However, the results of laboratory studies on PCB biodegradability indicate that PCBs do biodegrade in the environment, although at a very low rate (Abramovicz et al., 1993; Rhee et al., 1993; Sokol et al., 1994) . Microbial degradation of PCBs was developed on the laboratory scale and the decomposition of PCBs was effected by both anaerobic and aerobic bacteria or by fungi (Bedard, 1990; Commandeur et al., 1991; Furukawa et al., 1982) . Bioremediation of PCBs can be performed at a higher rate aerobically, at a lower rate anaerobically (Zitomer et al., 1993) .
The aim of this contribution is to summarize the results of decontamination of PCB-contaminated water from three different sources which resulted from three different processes: decontamination of soils and/or sorbents by two different methods and industrial production of capacitors leaving contaminated underground water. We studied the possibility of decomposition of PCBs using Fenton reaction enhanced by UV radiation in combination with adsorption step (UV/OX).
The efficiency of aerobic biodegradation of PCBs in ground water by selected bacterial co-cultures was also tested in pilot-plant scale experiments.
Methods Characteristics of treated waste waters
Waste water contaminated by PCBs from three different sources of origin was treated at laboratory and pilot-plant scale conditions:
Aqueous extracts. Aqueous extracts were produced in the course of bioremediation-extraction treatment of soils contaminated by PCBs (Kastanek et al., 1999) , by successive spraying of the soil with aqueous solution of ammonium sulphate, butyric acid, non-ionic surfactant Novanik 1047 and nutrients (P and N salts). Production of wastewater was up to 100 L /hour, concentrations of PCBs in extracts varied between 3,200 µg/L after the first 30 days of spraying and approximately 10 µg/L at the end of the treatment.
Wastewater originated in the process of thermal desorption of contaminated soils. During the process of low temperature thermal desorption used for decontamination of soils and sediments contaminated by organics, aqueous condensates containing PCBs are also produced. Average concentration of PCBs in water condensates (aqueous condensates produced in the temperature range between 90 and 200°C) usually varies between 350 µg/L when low contaminated soils are treated and values up to milligrams of PCBs in kg of "black waters" (aqueous condensates from highly contaminated soils and sorbents saturated with oil/ water emulsions).
Ground water. Contaminated water was pumped at the flow rate of 0.2 L/sec from a well located in a factory area (ZEZ Zamberk, East Bohemia) where capacitors containing dielectric liquids with PCBs were produced in the past. Content of PCBs was between 500 ng/L and 50,000 ng/L, TCE approximately 25 µg/L to 210 µg/L, PCE 2 µg/L to 24 µg/L, NEL 30 µg/L to 100 µg/L and sediment 6 mg/L to 940 mg/L.
Procedure of clean-up of contaminated underground and extraction waters
Contaminated waters were preliminarily treated by adsorption on activated carbon filter (waters with solid sediment content under 10 mg/L) or on activated bentonite (waters with solid sediment content over 10 mg/L). In the case of underground water, VOCs were removed in advance by stripping.
a) Laboratory experiments. Application of UV radiation in the absence of ferrous catalyst:
Concentration of hydrogen peroxide (35%) was 1 mL in 2 L of water, temperature was maintained at 25°C. Initial value of pH 6.5-7.8 gradually decreased in the course of reaction. Redox-potential (an indicator of the course of reaction) increased after the injection of hydrogen peroxide to the value of 500 mV and gradually descended proportionally to the consumption of peroxide to the initial redox potential value of the raw water (300-310 mV).
Application of UV radiation at the presence of catalyst. Initial value of pH of contaminated water was modified by addition of sulfuric acid to the value of pH 2.8. 1 mL of hydrogen peroxide (35%) and 2 g of Fe(II) were dosed in a storage tank. The optimum level of redoxpotential was maintained by addition of peroxide. At the end of the operation the redox-potential stabilized at 390 mV, ultimate concentration of peroxide was 10 µg/L and pH was 2.4.
b) Pilot plant experiments.
Contaminated aqueous extracts were accumulated from the unit of extraction of soil in two storage tanks (2 m 3 each). From one of the storage tanks the extracts were continuously pumped in a closed circuit through the UV-reactor and the filter with activated carbon (AC) and back to one of the storage tanks. The number of passages through the loop depended on the initial concentration of PCBs in aqueous extracts. Time dependent course of decontamination was monitored by measurement of the redoxpotential. AC filter of the volume of 200 L was packed with granulated SC-4. The volume of liquid treated in a typical batch experiment was 2000 L, flow of liquid was up to 800 L/hour, the total volume of hydrogen peroxide added was approximately 2,000 mL.
Clean-up of highly contaminated wastewater
Two methods of decontamination of wastewater were applied: a) for water containing fewer than tens of micrograms of PCBs and below approximately 1% wt both of solid impurities and oil fractions, the destruction of PCBs with UV radiation in the loop with AC filter was sufficient; b) for water containing PCBs in the order of units of mg/L and over 1% wt of solid impurities, the preliminary separation and/or adsorption both of contaminants and impurities with an inorganic adsorbent and activated carbon, followed with UV/OX treatment, was inevitable. Wastewaters (condensates) were treated as follows. Separation of the oil-phase was performed by gravity in the column-type of separators. The separated aqueous portion was fed into a storage tank, from which it was introduced into a sorption tank of the volume of 2 m 3 . Bentonite (approximately 5 kg/m 3 ) activated by ferric sulphate was added into the sorption tank and the suspension was mixed for 2 hours. The slurry was neutralized with lime to pH 7 at the presence of flocculating agent. The precipitated flocks were settled in a sedimentation basin and water phase was then passed through a sand filter. The transparent but usually still "brown" waters were finally purified in a column filled with activated carbon and were introduced into UV/OX system. The whole time of the pretreatment of the batch of contaminated water (2 m 3 ) was approximately 5 hours. The remaining concentrations of PCBs in the preliminary treated water were in the range of 300 ng/L to 1,000 ng/L. After three passages through UV-reactor at the presence of catalyst (the flow of water was 800 L/hour), the final concentrations of PCBs were in the range of 50 to 200 ng/L. Suspended and polluted adsorbents were eventually treated in a thermal desorption-or biodegradation unit, decontaminated bentonite was deposited and activated carbon recycled.
Chemicals used
Activated carbon and activated bentonite were used as adsorbents. Activated carbon type SC-4 produced by Silcarbon Activekohle GmbH, Germany, was used throughout (pellet size 3 mm × 7 mm, the specific surface area > 1,000 m 2 /g).
Bentonite 750 is produced by Západočeské Kaolinové Závody, the Czech Republic, and has a specific surface area of 900 m 2 /g. Before use, bentonite was activated in a saturated aqueous solution of ferric sulphate (commercial product Preflog, producer Precheza Prerov, the Czech Republic) by mixing of bentonite with saturated solution in the wt ratio 1:10 for 10 hours.
Polyhydroxyacrylate, commercial product Praestol 611 BC, produced by Chemische Fabrik Stockhausen GmbH, Krefeld, Germany, was used as a flocculating agent in the amount of 1 mg/100 mL.
Hydrogen peroxide, produced by Chemické závody AG, Sokolov, the Czech Republic, was used in UV radiation decomposition as an oxidizing agent.
Iron(II) oxalate dihydrate ( Sigma-Aldrich) was used as a catalyst. Non-ionic surfactant Novanik 1047 (mixture of alcoxylates of fatty alcohols), from Chemické závody Nováky a.s., Slovakia, was used.
Photo-reactor
Two sets of experiments were carried out, i.e. at laboratory and pilot plant scale.
Laboratory experiments.
A tube photo reactor (producer UV-Systeme GmbH, Heidelberg, Germany), equipped with a tube Hg-lamp (tube-in-tube system) emitting short wavelength UV radiation with electric input power of 150 W, was used at laboratory experiments. Contaminated water continuously circulated between a storage tank of the volume of 2 L and the reactor. Water was pumped from the storage tank through the reactor in the loop back to the tank at the rate 25 L/hour. Laboratory experiments were performed in the UVSysteme laboratories.
Pilot-plan experiments. In pilot-plant experiments similar but bigger device (type UX-2, producer UV-Systeme GmbH, Heidelberg, Germany, input power 2 kW, capacity of treated water up to 5 m 3 /hour) was utilized.
Analytical procedure
Standard procedure covers determination of the following indicative congeners: 28-2,4, 4′-trichlorobiphenyl, 52-2,2′,5,5′-tetrachlorobiphenyl, 101-2,2′,4,5,5′-pentachlorobiphenyl, 118-2,3′,4,4′5-pentachlorobiphenyl, 138-2,2′,3,4,4′,5′-hexachlorobiphenyl, 153-2,2′,4,4′,5,5′-hexachlorobiphenyl, 180-2,2′,3,4,4′,5,5′-heptachlorobiphenyl . The concentrations of PCBs reported in this paper have always been considered as the sum of above mentioned indicative congeners.
Extraction of PCBs from aqueous phase was performed by n-hexane. After clean-up of a sample and its concentration, the extracts were analyzed by the HRGC method (a HewlettPackard 5890 chromatograph with a DB-5 capillary column 60 m × 0.25 mm × 0.25 µm was used) with ECD and nitrogen as a carrier gas. The analytical method agrees with the European (Czech) Standard [C]SN EN 61619. Samples were analyzed in programmed temperature mode.
Collection of selected samples and analytical procedures were performed by the authorized laboratory ANECLAB, České Budeˇjovice, the Czech Republic and at the Prague Institute of Chemical Technology, Prague, the Czech Republic (Bokvajová et al., 1994) .
Preparation of microbial catalyst
Inoculates were prepared from elected indigenous bacterial strains obtained from PCB contaminated soils. A coculture of two selected bacterial strains Pseudomonas sp. and Acinetobacter sp. was cultivated in a mineral medium (Bokvajová et al., 1994) with biphenyl as the only source of carbon and energy (Kaštánek et al., 1995 (Kaštánek et al., , 1999 . Microbial catalyst contained 10 9 cells in 1 mL.
Results and discussion
Application of Fenton reaction enhanced by UV radiation at laboratory conditions Typical values of the changes of PCB concentrations due to the decontamination procedure for underground water and a typical aqueous extract are summarized in Table 1 . Concentration of underground and extraction waters before preliminary adsorption was 30,100 ng/L and 3,200 ng/L, respectively. Inlet concentrations of underground water and extraction water introduced to the UV-system after adsorption were 1,714.3 ng/L and 233.5 ng/L respectively. Reaction time was 160 minutes.
Considerable reduction of concentrations of PCBs was achieved. For low contaminated water the role of catalyst seems subsidiary.
Application of enhanced Fenton reaction in the pilot plant experiments
Typical course of decontamination of waters with relatively small concentrations of PCBs and insignificant content of solid sediments is presented in Table 2 .
The efficiency of separation and destruction of PCB in UV/OX system in the real wastewaters, even containing traces of ions and surfactants, was relatively high. The proper time of reaction as well as the consumption of electric energy will both depend on the demanded remaining concentration of PCBs in treated waters. The combination of UV-technique with an adsorption step in a loop is, however, essential. UV/OX system seems to be a viable method for the reduction of concentration of PCBs in contaminated waters. Partial destruction of organics achieved by this method is also beneficial for prolongation of the time of efficient operation of an adsorbent.
Clean-up of highly contaminated aqueous condensates, with a pretreatment adsorption on activated bentonite, sand and/or activated carbon
Original concentration of PCBs in aqueous condensates obtained from the thermal desorption of organics from contaminated soils and/or sorbents depends on the extent of contamination of solids but usually exceeds 100 µg/L. Preliminary treatment of such waste waters is inevitable. A full procedure including both adsorption on activated bentonite and adsorption on sand-and activated carbon followed by the consequent UV/OX destruction was applied on two samples of highly contaminated liquid condensates, originally containing 0.696 mg/L PCB and 0.21 mg/L PCB respectively. Both samples of condensates also contained relatively high content of NEL, 1200 mg/L and 680 mg/L respectively. Both condensates were obtained from the thermal desorption of organics from contaminated soils in a batch thermal desorption unit. The concentrations of organics after the preliminary treatment were substantially reduced to 1100 ng PCB/L and 302 ng PCB/L respectively and to 105 mg NEL/L and 78 mg NEL/L respectively. The volumes of treated liquids were 2,000 L. After three passages of the liquids through the pilot-plant UV reactor at the Table 2 The time course of decontamination of an aqueous extract-effluent from the biodegradation technology. The batch of treated liquid was 2,000 L, pH 7.8. AC filter was filled with 200 L of granulated SC-4. The flow of the extract through the UV-reactor and AC filter was maintained at 800 L/hour. The preliminary adsorption step was not applied presence of hydrogen peroxide and without the catalyst the remaining concentrations of PCBs were 200 ng/L and 50 ng/L respectively. The concentrations of NEL in both cases were negligible. The efficiency of destruction of organic pollutants in highly contaminated waters by UV/OX method was satisfactory even when the preliminary steps were omitted. However, due to the low reaction rate, the use of a catalyst and the application of a preliminary adsorption procedure are inevitable in practice, as seen from Table 3: Biodegradation of PCBs PCB entrapped on the bentonite in the sedimentation tank used as a bioreactor was submitted to batch aerobic biodegradation. The course of biodegradation is shown in Table 4 . The volume of suspension in the basin was 1.5 m 3 , the concentration of solid phase was 5%, 6 L of bacterial catalyst was inoculated, temperature varied between 10°C and 16°C, original pH 7.4 changed to pH 5.3. After 36 days of incubation, PCB concentration did not decrease further. Under strictly controlled laboratory conditions (28°C, excellent aeration), lowerchlorinated congeners were subject to more substantial degradation than higher-chlorinated congeners (Bokvajová et al., 1994) .
However, in a pilot plant bioreactor the higher-chlorinated congeners were degraded in a similar manner as the lower-chlorinated congeners. The different results can obviously be attributed to the different temperature and worse aeration conditions in the pilot plant bioreactor. (Lower redox-potential in the pilot plant bioreactor, usually lower than the one in the laboratory reactor, can be favourable for reductive dechlorination of higher-chlorinated congeners, as well as the positive synergistic effect of natural microorganisms proliferating in the pilot reactor.)
Conclusions
The efficiency of destruction of PCBs in the underground and waste waters by ultraviolet oxidation of organics at the presence of hydrogen peroxide and Fe(II) catalyst was relatively high. The proper time of reaction will depend on the demanded remaining concentration of PCBs in treated waters. The combination of UV-technique with an adsorption step in a Table 3 Decontamination of highly contaminated aqueous condensates by UV/OX system. The volume of condensate was 2,000 L, the flow of condensate was 100 L/hour and 12 passages of the whole volume of liquid through the reactor were performed. The time of reaction was 240 hours Bokvajová et al.,1994) .
